DFT+U Study on Photocatalytic Activity of Visible Light Responding Ag3AO4(A = P, As) Materials by 陈志彬
学校编码：10384                                    分类号____密级__   





硕  士  学  位  论  文 
可见光响应的 Ag3AO4(A = P,As)材料光催化
活性的 DFT+U 研究 
DFT+U Study on Photocatalytic Activity of Visible Light 
Responding Ag3AO4 (A = P, As) Materials 
 
陈 志 彬 
指导教师姓名： 谭 凯 副教授
授   吕 鑫 教  授 
专 业 名 称： 物 理 化 学 
论文提交日期： 2015 年  月 
论文答辩日期： 2015 年  月 
学位授予日期： 2015 年  月 
  
 
              答辩委员会主席：                
      评    阅    人：                




















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             



















摘 要 .................................................................................................................... I 
Abstract ................................................................................................................. I 
第一章 绪论 ........................................................................................................ 1 
1.1 引言.................................................................................................................... 1 
1.2 半导体光催化的基本原理................................................................................ 1 
1.3 半导体光催化剂的种类及影响半导体光催化性能的三个要素.................... 3 
1.3.1 半导体光催化剂的种类............................................................................. 3 
1.3.2 影响半导体光催化性能的三个要素......................................................... 4 
1.4 Ag系半导体光催化剂的研究及应用进展....................................................... 5 
1.4.1 Ag3AO4（A = P、As）半导体光催化活性的实验及理论研究现状......... 6 
1.4.2 其他 Ag系化合物光催化活性的研究现状............................................. 10 
1.5 本论文主要工作的内容.................................................................................. 13 
参 考 文 献 ....................................................................................................... 14 
第二章 理论基础 ................................................................................................ 23 
2.1 密度泛函理论的基础...................................................................................... 23 
2.1.1 Thomas-Fermi 模型................................................................................. 23 
2.1.2 Hohenberg-Kohn 定理............................................................................. 24 
2.1.3 Kohn-Sham 方程....................................................................................... 25 
2.1.4 交换—相关泛函....................................................................................... 25 
2.2 DFT+U................................................................................................................ 27 
2.3 固体物理中的一些概念.................................................................................. 27 
2.3.1布洛赫定理................................................................................................ 27 
2.3.2 截断能....................................................................................................... 28 
2.3.3 G采样与 G+k采样.................................................................................... 28 
2.3.4 赝势........................................................................................................... 29 
2.3.5 有效质量[37-39]............................................................................................ 30 
2.3.6 晶面表面能............................................................................................... 32 
















2.4.1 表面分类................................................................................................... 33 
2.4.2 如何选择合适的晶面 slab模型？......................................................... 34 
参 考 文 献 ....................................................................................................... 36 
第三章 DFT+U 对 Ag3AO4（A = P、As）体相光催化活性的研究 ......................... 39 
3.1 简介.................................................................................................................. 39 
3.2 计算模型.......................................................................................................... 40 
3.3 计算参数的选择.............................................................................................. 41 
3.3.1 截断能(Energy-cutoff)参数设置......................................................... 41 
3.3.2 k-points 采样.......................................................................................... 42 
3.3.3 泛函........................................................................................................... 42 
3.3.4 Ag3AO4（P、As）中 U值的测试............................................................... 44 
3.4 Ag3AO4（P、As）的几何结构和电子结构的分析.......................................... 45 
3.4.1 Ag3AO4（P、As）几何结构分析............................................................... 45 
3.4.2 Ag3AO4（P、As）的电子结构................................................................... 46 
3.5 本章小结.......................................................................................................... 49 
参 考 文 献 ....................................................................................................... 50 
第四章 DFT+U 对 Ag3PO4晶面光催化活性的研究 ................................................. 53 
4.1 简介.................................................................................................................. 53 
4.2 计算模型和方法.............................................................................................. 54 
4.2.1 计算模型................................................................................................... 54 
4.2.2 参数选取................................................................................................... 54 





4.4 本章小结.......................................................................................................... 68 
参 考 文 献 ....................................................................................................... 70 
















5.1 简介.................................................................................................................. 73 
5.2 计算模型和方法.............................................................................................. 73 
5.2.1 计算模型................................................................................................... 73 
5.2.2 参数选取................................................................................................... 74 
5.3 结果与讨论...................................................................................................... 75 
5.3.1 Ag3AsO4低指数晶面的表面原子结构及表面能 ...................................... 75 
5.3.2 Ag3AsO4 (100),(110)和(111)不同晶面的电子结构.............................. 77 
5.4 本章小结.......................................................................................................... 80 
参 考 文 献 ....................................................................................................... 81 
论文发表情况 ..................................................................................................... 83 


















Abstract ......................................................................................................................... I 
Chapter 1 Introduction ............................................................................................... 1 
1.1 Introduction .......................................................................................................... 1 
1.2 The basic principle of semiconductor photocatalysis ........................................... 1 
1.3 The types of semiconductor photocatalyst and three factors influencing 
photocatalytic activity of semiconductor ................................................................... 3 
1.3.1 The types of semiconductor photocatalyst ..................................................... 3 
1.3.2 Three factors influencing photocatalytic activity of semiconductor .............. 4 
1.4 The progress of research and application of Ag based semiconductor 
photocatalysis ............................................................................................................. 5 
1.4.1 Current situation on experiment and theory of photocatalytic activity for 
Ag3AO4（A = P, As）semiconductor ..................................................................... 6 
1.4.2 Current situation on photocatalytic activity for other Ag based 
semiconductor ....................................................................................................... 10 
1.5 Objectives of the thesis ....................................................................................... 13 
References ................................................................................................................... 14 
Chapter 2 Theoretical basis ...................................................................................... 23 
2.1 The basis of density functional theory................................................................ 23 
2.1.1 Thomas-Fermi model ................................................................................... 23 
2.1.2 Hohenberg-Kohn theorem ........................................................................... 24 
2.1.3 Kohn-Sham equation ................................................................................... 25 
2.1.4 Exchange-correlation functional .................................................................. 25 
2.2 DFT+U ............................................................................................................... 27 
2.3 Some concepts in solid state theory ................................................................... 27 
2.3.1 Bloch's theorem ............................................................................................ 27 
2.3.2 Energy-cutoff ............................................................................................... 28 
2.3.3 G sampling and G+k sampling ..................................................................... 28 


















 ...................................................................................... 30 
2.3.6 Surface energy ............................................................................................. 32 
2.4 The principle for selecting slab model of crystal facet ....................................... 33 
2.4.1 Types of surface ........................................................................................... 33 
2.4.2 How to select appropriate slab model? ........................................................ 34 
References ................................................................................................................... 36 
Chapter 3 DFT+U study on photocatalytic activity of Ag3AO4 (A = P, As) .......... 39 
3.1 Introduction ........................................................................................................ 39 
3.2 Computational model ......................................................................................... 40 
3.3 The adoption of calculation parameters ............................................................. 41 
3.3.1 Parameter setting of energy cut-off .............................................................. 41 
3.3.2 k-points sampling ......................................................................................... 42 
3.3.3 Functional .................................................................................................... 42 
3.3.4 The testing of U value in Ag3AO4（P, As）system .................................... 44 
3.4 The analysis of geometry and electronic structure of Ag3AO4（P, As） ........... 45 
3.4.1 The analysis of geometry structure of Ag3AO4（P, As） ............................ 45 
3.4.2 The analysis of electronic structure of Ag3AO4（P, As） ........................... 46 
3.5 Conclusions ........................................................................................................ 49 
References ................................................................................................................... 50 
Chapter 4 DFT+U study of photocatalytic activity at the surface of Ag3PO4 ...... 53 
4.1 Introduction ........................................................................................................ 53 
4.2 Computational model and methods .................................................................... 54 
4.2.1 Computational model ................................................................................... 54 
4.2.2 The adoption of parameters ......................................................................... 55 
4.3 3. Results and discussion .................................................................................... 55 
4.3.1 Structures and surface energy of different Ag3PO4 crystal facets ((100), 
(110), (111), (210), (211), (221) and (332)) .......................................................... 55 
4.3.2 Electronic structure of different Ag3PO4 crystal facets ................................ 61 
4.4 Conclusions ........................................................................................................ 68 
















Chapter 5 DFT+U study of photocatalytic activity at the low-index surface of 
Ag3AsO4 ...................................................................................................................... 73 
5.1 Introduction ........................................................................................................ 73 
5.2 Computational model and methods .................................................................... 73 
5.2.1 Computational model ................................................................................... 73 
5.2.2 The adoption of parameters ......................................................................... 74 
5.3 Results and discussion ........................................................................................ 75 
5.3.1 Structures and surface energy of low-index crystal facets of Ag3AsO4 ....... 75 
5.3.2 Electronic structure of low-index crystal facets of Ag3AsO4....................... 77 
5.4 Conclusions ........................................................................................................ 80 
References ................................................................................................................... 81 
Publications ................................................................................................................ 83 

















新型半导体 Ag3AO4（A = P、As）材料，因具有高的可见光响应特性以及电
子-空穴分离效率，而使其在光催化领域里具有潜在的应用前景。近年来，大量
实验表明不同的 Ag3PO4 晶面在分解有机染料过程中展现出不同的光催化活性。
为了深入了解 Ag3AO4（A = P、As）材料的微观结构与光催化活性关系，本论文
采用密度泛函理论（DFT）+ U 对 Ag3AO4（A = P、As）体相及晶面的光催化活
性进行系统性地研究，主要结果总结如下： 
1、Ag3AO4（A = P、As）体系中过渡金属 Ag
+具有局域性较强的 4d 电子，
其之间存在很强的库伦相关，而传统 DFT 对局域电子间的库伦相关并没有考虑，
具体体现在对 Ag3AO4 能带间隙（Energy band gap）计算有很大的低估，根据文
献报道在传统 DFT 中引入一个 U 参数（on-site Coulomb repulsion）后，能够很
好的描述局域电子间强的库伦相互作用，而且对几何结构和电子结构都有很好的
描述，因此本文对 Ag3AO4（A = P、As）体相采用 DFT+U 计算，我们对 Ag3AO4
（A = P、As）进行 U 值测试，计算结果表明对于 Ag3PO4 体系，当 UAg,d = 9.0 eV、
UO,p = 8.8 eV 时，计算所得到的结构参数相对于其他计算方法有更好的描述。同
样地，对于 Ag3AsO4 体系，当 UAg,d = 9.0 eV、UO,p = 7.2 eV 时，计算所得到的结
构参数相对于其他计算方法也有更好的描述。此外，通过 DFT+U 考察 Ag3AO4
体系的电子结构，发现其具有高的光催化活性，不仅是因为低的能带 gap，更重
要在于其高的电子-空穴对的分离效率。 










































催化活性 Ag3PO4 晶面提供理论指导。 






能归于（111）晶面上 As3c原子（3 配位的 As 原子）与 O3c
I原子（3 配位的 O 原


























多的 Ag+, 这可为以后实验上设计高效光催化活性 Ag3AsO4 晶面提供理论指导。 



























Novel semiconductor Ag3AO4 (A = P, As) material has potential applications in 
the field of photocatalysis, because of its high visible light response properties and 
electronic-hole separation efficiency. In recent years, a large number of experiments 
show that different Ag3PO4 crystal facets exhibit different photo-catalytic activity in 
decomposition of organic dye. In this paper, to deeply comprehend the relationship 
between microstructure and photo-catalytic activity in Ag3AO4 (A = P, As) materials, 
we systematically investigate photo-catalytic activity of Ag3AO4 (A = P, As) bulk and 
crystal facets using density functional theory (DFT) + U. The main results can be 
summarized as follows: 
1. Ag3AO4 (A = P, As) system contains transition metal ion (Ag
+
) with localized 
4d electrons which present strong coulomb electron-electron correlations. However, 
strong coulomb correlations are not taken into account in traditional DFT method, 
which can be embodied in a serious underestimation of calculating energy band gap 
of Ag3AO4. According to the published literatures, when traditional DFT is added a 
Hubbard U parameter (on-site Coulomb repulsion), it will not only provide better 
description of the strong coulomb interaction between local electrons, but also provide 
better description of geometric and electronic structure. So DFT+U approach is 
applied to investigate Ag3AO4 (A = P, As) bulk in this paper. The U of Ag3AO4 (A = P, 
As) system is tested and calculation results indicate that DFT+U (UAg,d = 9.0 eV+UO,p 
= 8.8 eV) approach provides better description of structure parameters than traditional 
DFT for Ag3PO4 system as well as DFT+U (UAg,d = 9.0 eV+UO,p = 7.2 eV) approach 
provides better description of structure parameters than traditional DFT for Ag3AsO4 
system. Moreover, Ag3AO4 bulk has high photo-catalytic activity, due to its low band 
gap and high separation efficiency of electron-hole. 
2. GGA+U is applied to investigate photo-catalytic activity of different Ag3PO4 
crystal facets. We compute surface energy, band gap and separation efficiency of 
















Surface energy calculation results indicate that the first kind crystal facets ((111), 
(210), (221) and (332)) with breaking of P-O bonds have higher surface energy than 
the second kind crystal facets ((100), (110) and (211)). The order of surface energy in 
different Ag3PO4 crystal facets is: (210) > (111) > (221) > (332) > (110) > (100) ≈ 
(211).  
The calculated results of band structures and states density show that the 
different surface effect leads to different band gap in different Ag3PO4 crystal facets. 
The order of band gap for different Ag3PO4 crystal facets is: (211) > (210) > (100) > 
(111) > (332) > (110) > (221). 
Separation efficiency of charge carrier calculation results indicate that (110) 
crystal facet has the highest separation efficiency of electron-hole pairs, because it 
holds the form of PO4
3- 
with induced effect and abundant Ag
+ 
cations which could be 
rapidly reduced by the photo-generated electrons and formed Ag nanoclusters which 
can facilitate the separation of photo-excited electron-hole pairs, while (221) crystal 
facet has the lowest separation efficiency of electron-hole pairs, because of the 
breaking of P-O bonds, which destroys the form of PO4
3-
. What's more, it has a deep 
surface energy level, which acts as a recombination center of charge carrier. The order 
of separation efficiency of charge carrier for different Ag3PO4 crystal facets is: (110) > 
(100) > (211) > (111) > (210) > (332) > (221). 
The results of the above discussion are compared with the results of 
photo-catalytic activity of crystal facet which have been synthesized in experiment 
((111) > (110) > (100) and (221), (332) > (100)), we find that the order of surface 
energy in different Ag3PO4 crystal facets is only consistent with the results in 
experiment. It is inferred that surface energy is the most important factor which 
affects photo-catalytic activity of Ag3PO4 crystal facets. Based on this result, we 
predict the photo-catalytic activity of (210) and (211) crystal facets. Due to the 
breaking of P-O bonds, (210) crystal facet has a high surface energy. It’s inferred that 
(210) crystal facet should have high photo-catalytic activity. On the contrary, (211) 
crystal facet has low photo-catalytic activity, because the P-O bonds is not broken 
















obtain Ag3PO4 crystal facet with more highly photo-catalytic activity, the crystal facet 
should keep the number of breaking of P-O bonds as many as possible and expose 
more Ag
+
, which can provide the theoretical guidance for experimental design 
Ag3PO4 crystal facet with high photocatalytic activity in the future. 
3. GGA+U is applied to investigate photo-catalytic activity of Ag3AsO4 
low-index crystal facets. We compute surface energy, band gap and separation 
efficiency of charge carrier for Ag3AsO4 low-index crystal facets. 
Surface energy calculation results indicate that (111) crystal facet has the highest 
surface energy, which is attributed to breaking the As-O bonds. The order of surface 
energy in different Ag3AsO4 low-index crystal facets is: (111) > (110) > (100). 
The calculated results of band structures and states density show that (111) 
crystal facet has the lowest band gap, because the bond length As3c (3 coordination of 
As atom)-O3c
I
 (3 coordination of O atom) become longer (3.34%), which results in 
smaller between the As-O bond order. It means that the As-O antibonding orbital will 
fill more electrons and move down obviously.  
Separation efficiency of charge carrier calculation results indicate that (110) 
crystal facet has the highest separation efficiency of electron-hole pairs, because it 
holds abundant Ag
+ 
cations which could be rapidly reduced by the photo-generated 
electrons and formed Ag nanoclusters which could facilitate the separation of 
photo-excited electron-hole pairs, while (111) crystal facet has the lowest separation 
efficiency of electron-hole pairs, because of the breaking of As-O bonds, which 
destroys the structure of AsO4
3-
 with induced effect.  
From the discussions of photo-catalytic activity of different Ag3PO4 crystal 
facets it is shown that surface energy is the most important factor which determines 
photo-catalytic activity. Therefore, from the calculated results of surface energy, we 
can speculate the order of photo-catalysis for Ag3AsO4 low-index crystal facets is: 
(111) > (110) > (100). In addition, according to the preceding discussion, to obtain 
Ag3AsO4 crystal facet with more highly photo-catalytic activity, the crystal facet 
should keep the number of breaking of As-O bonds as many as possible and expose 
more Ag
+
















Ag3AsO4 crystal facet with high photocatalytic activity in the future. 
Keywords: Ag3AO4 (A = P, As) semiconductor materials; DFT+U; Photocatalytic 
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